Streptomyces species strain GK18, isolated in Iran, induced deep-pitted lesions on potato tubers, lesions different from the raised lesions induced by the usual scab-causing phytotoxin, thaxtomin. In addition, neither thaxtomin production nor hybridization to its biosynthetic probe was detected for strain GK18, suggesting the production of a different phytotoxin. The active component was extracted with ethyl acetate from culture filtrate of strain GK18, purified by gel filtration and silica gel chromatography, and identified as an 18-membered macrolide, borrelidin, by spectroscopic analysis. The purified borrelidin induced necrosis on potato tuber slices and inhibited the growth of shoots and roots of radish seedlings. This is the first report on the phytotoxicity of borrelidin as a possible causative compound of potato scab disease.
Scab disease is widely distributed in potato-growing areas of the world. It causes great damage to farmers by remarkably diminishing the market value of potato. 1, 2) Several Streptomyces species, including S. scabies, 3) S. acidiscabies, 4) and S. turgidiscabies, 5) have been reported to be causative agents of potato scab disease. These cause superficial, raised, netted, russet, and deep or shallow-pitted lesions on potato tubers and certain root crops, including carrot, radish, beet, parsnip, and turnip. 1, 2) Phytotoxic compounds produced by pathogenic Streptomyces species have been isolated, and named thaxtomins. 6) Among them thaxtomin A is the most toxic and predominant (Fig. 1 ). In addition to thaxtomin A, more than 10 other thaxtomins have been isolated. 7) Thaxtomins are cyclic dipeptides (2,5-diketopiperazines) composed of phenylalanine and a nitrated tryptophan. Thaxtomin A inhibits cellulose biosynthesis in expanding plant tissues, 8) stimulates Ca 2þ spiking, 9) and causes programmed cell death. 10) In addition to thaxtomins, a secreted protein, Nec1, with necrogenic activity is involved in pathogenicity. 11) The thaxtomin biosynthetic gene cluster and the nec1 gene have been located on a large pathogenicity island in S. turgidiscabies.
12) The genome sequencing project for S. scabies strain 87.22 (http://www.sanger.ac.uk/ resources/downloads/bacteria/streptomyces-scabies.html) identified several possible virulence genes on the pathogenicity island, e.g., a homolog of tomA encoding tomatinase, which degrades the antibacterial saponin tomatine, 13) and homologs of the fas genes that are involved in crown gall formation by Rhodococcus species. 14) Thus, pathogenicity is an evolved, complex phenotype including several steps, such as host attachment, penetration and colonization of the pathogen, and evasion of pre-formed and induced host defenses.
It has been reported that some Streptomyces strains are pathogenic in spite of nonproduction of thaxtomins. 15) In addition, different species of pathogenic Streptomyces induce different symptoms in potato tubers under natural conditions. All of these results suggest the possibility that phytotoxic compounds other than thaxtomins are involved in scab disease. Based on this hypothesis, new compounds have been screened, and concanamycins 16) and FD-891 17) were isolated as possible candidates. 18, 19) We also recognized the strong pathogenic activity of several Streptomyces strains isolated in Iran, whose symptoms were different from those of thaxtomin A. In this paper, we describe the isolation of borrelidin from an Iranian Streptomyces strain, GK18. Borrelidin induced deep holes in potato tuber slices and inhibited the growth of shoots and roots of radish seedlings; its activity was about 1/10 of that of thaxtomin A. This is the first report on the phytotoxic activity of borrelidin.
Materials and Methods
Strains, media, and growth conditions. Isolation of pathogenic Streptomyces strains from potato lesions was done as described by Goyer and Beaulieu. 20) In addition to Iranian Streptomyces strains, typical scab-inducing strains, S. scabies 87. 22, 3) EF-35, 20) and LR-90 (C. Goyer, personal communication) were used in this study. YM medium (0.4% yeast extract, 1% malt extract, 0.4% glucose, pH 7.3) was used for maintenance and preculture of the Streptomyces strains, and modified oatmeal broth (OMB) (2.0 g of oatmeal, 0.1 g of MgSO 4 . 7H 2 O, 0.1 g of KCl, 0.05 g of KH 2 PO 4 , 0.05 g of K 2 HPO 4 , 0.2 g of CaCl 2 . 2H 2 O, 0.4 g of yeast extract, 0.4 g of malt extract in 100 mL water, pH 7.2, and after autoclaving, 0.2 mL of trace element solution) for phytotoxin production. YEME medium 21) containing 20% sucrose was used for DNA extraction. DNA manipulation, PCR, and Southern hybridization. Total DNA was prepared as described by Kieser et al. 21) The thaxtomin biosynthetic gene txtA was obtained by PCR amplification using total DNA of S. scabies 87.22 and primers: txtAF, 5 0 -AAGAATT-CAACTCCGTGATCCAGTACTTTC-3 0 , and txtAR, 5 0 -TTAAGCT-TAGATCGGGATCCTTCAACAACA-3 0 . The PCR reaction was done under the following conditions: DNA denaturing at 94 C for 15 s, annealing at 58 C for 30 s, and elongation at 68 C for 2 min through 35 cycles. The amplified fragment was digested with EcoRI and HindIII and cloned into pUC19 to give pGK26. The borrelidin biosynthetic genes, borI-borJ, were amplified using total DNA of S. parvulus Tü4055 22) and two primers: borIJF4, 5 0 -CTAGGATCCAACGGAG-TTCGTTCTCAT-3 0 , and borIJR6, 5 0 -CTAAAGCTTGTGCCGATC-TGTTCGAAGTA-3 0 . The amplified fragment was digested with BamHI and HindIII and cloned into pUC19 to give pCY1. For hybridization, total DNAs of the Streptomyces strains were digested with BamHI, separated by agarose gel electrophoresis, and transferred to nylon membranes. Hybridization was carried out overnight at 70 C using a DIG DNA Labeling and Detection Kit (Roche, Mannheim, Germany) following to the manufacturer's protocol.
Scanning electron microscopy (SEM
Fermentation, isolation, and characterization of borrelidin. One mL of seed culture of strain GK18 was inoculated into 500-mL Sakaguchi flasks (20 flasks in all) containing 100 mL of OMB medium and reciprocally shaken at 28 C for 7 d. The culture filtrate was extracted twice with ethyl acetate. The combined organic phase was dried with Na 2 SO 4 , filtered, and concentrated to dryness. The residual oil was fractionated by Sephadex LH-20 (GE Healthcare, Buckinghamshire, UK) column chromatography with methanol. Active fractions were combined and further purified by silica gel column chromatography with a gradient mixture of chloroform-methanol (50:1-30:1). The active fractions were combined and purified again by LH-20 column chromatography. During the purification process, all fractions were assayed by thin layer chromatography (TLC) and/or the potato slice test. TLC was done on aluminum sheets coated with silica gel 60 F254 (Merck, Darmstadt, Germany). The average yield of borrelidin was 7.8 mg per L of the culture filtrate.
Physicochemical properties of borrelidin. A pathogenicity assay with whole potato minitubers of cultivar Agria was done following Loria et al. 23) by inoculating each tuber with 400 mL of spore suspension (10 5 -10 7 CFU/mL as estimated by serial dilution), followed by transplantation into vermiculite. Distilled water was used as control, and symptoms were observed 2 weeks after inoculation.
A potato slice test was carried out using potato tubers of cultivar Danshaku following Loria et al. 23) Sterilized paper discs containing the sample (50 mL) were put on potato slices and left at 28 C for 7 d. During incubation, sterile water (50 mL) was added to the paper discs at 24-h intervals. Distilled water and thaxtomin A were used as negative and positive control, respectively.
The effects of borrelidin and thaxtomin on the growth of radish seedlings were examined as described by Leiner et al. 24) Seeds were surface-disinfected with 0.1% sodium hypochlorite solution for 3 min and rinsed twice with sterile water. Twenty seeds were placed on a moist filter paper in a glass vial (20 mm in diameter). An aliquot of the phytotoxin at various concentrations (200 mL) was added to each vial, and this was incubated at 28 C for 5 d. During incubation, sterile water (200 mL) was added to the vial at 24-h intervals. Shoot and root lengths were measured and averaged, excluding maximum and minimum values for each vial.
Results

Isolation and pathogenic activity of Iranian Streptomyces strains
Potato tubers that apparently showed symptoms of scab disease, including raised or pitted lesions, were collected from major potato growing areas in Iran, and 18 Streptomyces strains were isolated from the affected lesions. The isolated strains were tested for pathogenicity under greenhouse conditions, and the varieties of induced symptoms suggested the production of various pathogenicity factors. The typical scab-causing Streptomyces strains usually produce raised lesions on potato tubers, 1) while some of the collected strains produced deep holes in the potato tubers. Hence we analyzed the metabolites of 18 strains by TLC and HPLC, and found that none of them produced thaxtomin A (data not shown).
Among the strains that caused holes in potato tubers, strain GK18 exhibited the strongest pathogenic activity (Fig. 2A) . The pathogenicity of strain GK18 was tested by pot assay, too. As shown in Fig. 2B , strain GK18 strongly inhibited the growth of the potato plant, its effect being stronger than the representative thaxtominproducing strain, S. scabies 87.22, and even the thaxtomin high-producer, S. scabies EF-35. Hence this strain was selected for isolation of a possible new pathogenic compound.
The mycelial growth of strain GK18 together with its Gram-positive property and several cultural and physiological characteristics (data not shown) suggested that it belongs to streptomycetes. To observe spore morphology by scanning electron microscopy (SEM), strain GK18 was grown on a YM plate for 7 d. The spores were gray in color, and were smooth and cylindrical, 0:62 mm Â 1:25 mm, in straight or wavy chains (Fig. 2C) . Taxonomic studies of strain GK18 are in progress. The results will be described in due course.
Analysis of pathogenic strains by Southern hybridization with the txtA probe
Eighteen Iranian strains as well as typical thaxtominproducing S. scabies strains, 87.22, EF-35, and LR-90, were analyzed by Southern hybridization for the presence of the thaxtomin biosynthetic gene. The txtA gene, which encodes a peptide synthetase for thaxtomin biosynthesis, 25) was cloned from strain 87.22 and used as probe. The S. scabies strains, 87.22, EF-35, and LR-90, all showed two hybridizing signals (2.0 kb and 1.3 kb) when total DNA was digested with BamHI, while none of the Iranian strains, including GK18, showed hybridizing signals (Fig. 3A- only the results for strain GK18 are shown here). These results clearly indicate that none of the Iranian strains contained the txtA gene, and that the pathogenicity factor produced by strain GK18 is not thaxtomin.
Isolation and identification of borrelidin from culture broth of strain GK18
Strain GK18 was cultured in modified oatmeal broth (OMB) in 500-mL Sakaguchi flasks at 28 C over 7 d. The phytotoxic component was extracted with ethyl acetate from the culture filtrate, fractionated by Sephadex LH-20 column chromatography with methanol, and assayed by potato slice test. The active component was identified as a UV-active spot with an Rf value of 0.5 on silica gel TLC, when developed with a mixture of chloroform-methanol (15:1). Active fractions were combined and further purified by silica gel column chromatography with a gradient mixture of chloroformmethanol (50:1-30:1). Active fractions were combined and purified again by LH-20 column chromatography to give a single spot, which was subjected to NMR and MS analysis. No other fractions in the isolation steps showed toxic activity on potato tuber slices.
The molecular formula of the active component was determined to be C 28 H 43 NO 6 by high resolution FAB-MS analysis. The Total DNAs were digested with BamHI, separated by agarose gel electrophoresis, and probed with txtA (probe 1) (A) or borI-borJ (probe 2) (B). DIG-labeled lambda DNA was also used as probe to detect the size marker, lambda DNA digested with HindIII. presence of 28 carbons, which were classified into four methyl, eight methylene, 12 methane, and four quaternary carbons by DEPT spectra. In the 1 H-NMR spectrum, four doublet methyl protons ( H 0.84, 0.85, 0.85, 1.03), three deshielded protons ( H 3.92, 4.17, 4.97), and three olefinic protons ( H 6.31, 6.59, 6.89) were observed. Whole connectivities of protons and carbons were established by two-dimensional NMR spectra, including COSY, HMQC, and HMBC. The absorption at 2213 cm À1 in the IR spectrum suggested the presence of a nitrile group. All of these spectroscopic data agreed with those of the 18-membered macrolide borrelidin, 26) including the optical rotation. 27) Hence the active component was identified as borrelidin, as shown in Fig. 1 .
Next, the 18 Iranian strains were analyzed by Southern hybridization for the presence of borrelidin biosynthetic genes. The borI-borJ genes, which code a cytochrome P450 monooxygenase and an aminotransferase respectively, were cloned from the borrelidin producer S. parvulus Tü4055, 22) and were used as probe. Among the 18 pathogenic strains, only strain GK18 showed a hybridizing signal (8.5 kb) when total DNA was digested with BamHI ( Fig. 3B -only the results for strain GK18 are shown). Three typical thaxtomin producers, S. scabies 87.22, EF-35, and LR-90, did not show positive signals (Fig. 3B ).
Biological activities of borrelidin
Since borrelidin was isolated as a phytotoxic compound for the first time, its activity was evaluated by potato slice test and effects on radish seedlings, using thaxtomin A as positive control. Both thaxtomin A and borrelidin induced necrotic symptoms in potato tuber slices. Necrosis first appeared 1 d after the application of thaxtomin A, and after 2 d for borrelidin. In both cases, necrosis increased in severity over several days. Photographs were taken after 5 d (Fig. 4A) . Severely necrotic tissue collapsed during the course of assay, leaving a sunken area on the tuber slice surface. The holes caused by borrelidin were black and deep, while those caused by thaxtomin A were brown and shallow. Based on the results shown in Fig. 4A , the phytotoxic activity of borrelidin on potato slices was determined to be 1/10 of that of thaxtomin A. The crude extract of the OMB culture of strain GK18 also produced similar deep holes on the surfaces of the tuber slices. Necrosis was not observed when the crude extracts of the OMB cultures of nonpathogenic strains were applied to the tuber slices.
Next, the phytotoxic activity of borrelidin was evaluated using radish seedlings. Both borrelidin and thaxtomin A inhibited the growth of the shoots and roots of radish seedlings. The concentrations of borrelidin for 50% inhibition (IC 50 ) of shoots and roots were 30 and 22 mM, while those of thaxtomin A were 3 and 1.5 mM, respectively. Thus the inhibitory activity of borrelidin on radish seedlings was also 1/10 of that of thaxtomin A. Neither necrosis nor swelling was observed in radish seedlings in either sample.
Discussion
In this study, we isolated borrelidin from Iranian Streptomyces strain GK18 as a possible scab-causing phytotoxin. Borrelidin was first identified as an antibacterial antibiotic, 27) and its structure was determined by spectroscopic analysis and chemical degradation, 28) and finally by X-ray analysis 29) and total synthesis. 30) It has been reported that the antibiotic activity of borrelidin is due to selective inhibition of threonyl tRNA synthetase. 31) In addition, borrelidin exhibits anti-angiogenic activity. In a rat aorta matrix culture model of angiogenesis, borrelidin inhibited capillary tube formation by inducing apoptosis of the tube-forming cells. 32) Furthermore, it has been reported that borrelidin inhibits cyclin-dependent kinase Cdc28/Cln2 of Saccharomyces cerevisiae. 33) In the potato slice assay, borrelidin induced symptoms different from that induced by thaxtomin A. The holes caused by borrelidin were black and deep, while those caused by thaxtomin A were brown and shallow (Fig. 4A) . Using this system, the phytotoxic activity of borrelidin was determined to be 1/10 of that of thaxtomin A. Thaxtomin A is known as a phytotoxin with a broad spectrum, including an inhibitory effect on radish seedlings.
2) Borrelidin also inhibited the growth of radish seedlings, although its activity was 1/10 of that of thaxtomin A. The effects of thaxtomin A on plant tissue, including isotrophic expansion and inhibition of cytokinesis, suggest that its main target is cellulose biosynthesis.
34) The incorporation of 14 C-glucose into the cellulosic fraction of the cell walls was greatly reduced by pre-incubation of Arabidopsis thaliana seedlings with thaxtomin A. The different symptoms of potato tuber slices induced by borrelidin and thaxtomin A suggest that their targets are different.
Whatever the main target of borrelidin in plants, the following multiple lines of evidence obtained in this study strongly suggest that borrelidin is involved in scab disease: i) thaxtomin production was not detected in strain GK18 by TLC or HPLC analysis, ii) no signal for txtA was detected by Southern hybridization, iii) only the fractions containing borrelidin were active on potato slices, and iv) infection with strain GK18 strongly inhibited the growth of the potato plants, and produced the same symptom, deep-pitted lesions, on potato minitubers. To confirm the function of borrelidin in scab disease, targeting experiments on borrelidin biosynthetic genes are in progress. The results will be described in due course.
In addition, TLC and HPLC analysis as well as hybridization analysis indicated that the remaining 17 Iranian Streptomyces strains do not produce thaxtomin A or borrelidin. Thus it is possible that other phytotoxic compounds, such as concanamycins 16) and FD-891 17) are involved as compounds causing scab disease of potato. This should be studied more comprehensively.
